The Epstein-Barr virus (EBV) gp350 glycoprotein interacts with the cellular receptor to mediate viral entry and is thought to be the major target for neutralizing antibodies. To better understand the role of EBV-specific antibodies in the control of viral replication and the evolution of sequence diversity, we measured EBV gp350-specific antibody responses and sequenced the gp350 gene in samples obtained from individuals experiencing primary EBV infection (acute infectious mononucleosis [AIM]) and again 6 months later (during convalescence [CONV]). EBV gp350-specific IgG was detected in the sera of 17 (71%) of 24 individuals at the time of AIM and all 24 (100%) individuals during CONV; binding antibody titers increased from AIM through CONV, reaching levels equivalent to those in age-matched, chronically infected individuals. Antibody-dependent cell-mediated phagocytosis (ADCP) was rarely detected during AIM (4 of 24 individuals; 17%) but was commonly detected during CONV (19 of 24 individuals; 79%). The majority (83%) of samples taken during AIM neutralized infection of primary B cells; all samples obtained at 6 months postdiagnosis neutralized EBV infection of cultured and primary target cells. Deep sequencing revealed interpatient gp350 sequence variation but conservation of the CR2-binding site. The levels of gp350-specific neutralizing activity directly correlated with higher peripheral blood EBV DNA levels during AIM and a greater evolution of diversity in gp350 nucleotide sequences from AIM to CONV. In summary, we conclude that the viral load and EBV gp350 diversity during early infection are associated with the development of neutralizing antibody responses following AIM. IMPORTANCE Antibodies against viral surface proteins can blunt the spread of viral infection by coating viral particles, mediating uptake by immune cells, or blocking interaction with host cell receptors, making them a desirable component of a sterilizing vaccine. The EBV surface protein gp350 is a major target for antibodies. We report the detection of EBV gp350-specific antibodies capable of neutralizing EBV infection in vitro. The majority of gp350-directed vaccines focus on glycoproteins from lab-adapted strains, which may poorly reflect primary viral envelope diversity. We report some of the first primary gp350 sequences, noting that the gp350 host receptor binding site is remarkably stable across patients and time. However, changes in overall gene diversity were detectable during infection. Patients with higher peripheral blood viral loads in primary infection and greater changes in viral diversity generated more efficient antibodies. Our findings provide insight into the generation of functional antibodies, necessary for vaccine development. virus load and genomic diversity are associated with generation of gp350specific neutralizing antibodies following acute infectious mononucleosis. J Virol 91:e01562-16.
KEYWORDS EBV, gp350, antibodies, neutralization, ADCP, Epstein-Barr virus E pstein-Barr virus (EBV) establishes a persistent infection in most adults by the fourth decade of life. While most EBV-infected individuals do not develop clinical sequelae (1) , primary infection in older children and adults is often symptomatic (acute infectious mononucleosis [AIM]) and is linked to an increased risk of multiple sclerosis (2) . EBV frequently causes lymphoproliferative disorders in immunosuppressed individuals and is associated with common cancers (3, 4) .
The development of an EBV vaccine is thus a high priority and will likely require the generation of neutralizing antibodies (5) . Cellular entry is initiated by EBV gp350 glycoprotein binding to the virus host cell receptors (CR2/CD21 [6] or CR1/CD35 [7] ). gp350 is thought to be a major target of neutralizing antibodies (8) (9) (10) , and vaccine development efforts are focused on generating gp350-specific neutralizing antibodies (11) (12) (13) (14) (15) . Most immunogens are based on sequences from lab-adapted strains, as are assays used to measure neutralizing antibodies. These lab-adapted strains may differ significantly from circulating infectious strains.
Until recently, it was commonly accepted that the genomes of double-stranded DNA (dsDNA) viruses, such as herpesviruses, are fairly stable, particularly in comparison to those of RNA viruses. Recent studies, including our own, have demonstrated that dsDNA viruses can exhibit levels of variation similar to those observed in some RNA viruses, such as West Nile virus and HIV-1 (16, 17) . Most published EBV gp350 sequences have originated from either transformed B-cell lines or cancerous tissue; at present, only a very limited number of primary EBV gp350 sequences are available (18) . A better understanding of the diversity of circulating EBV gp350 sequences, as well as the potential role of EBV-specific antibodies in the evolution of EBV gp350 diversity over time in infected individuals, would be helpful to inform vaccine development.
Here we report the findings of studies investigating the generation of EBV gp350specific antibodies, characterizing binding and function (antibody-dependent cellmediated phagocytosis [ADCP]-stimulating neutralization) over time following primary EBV infection. Plasma IgG and saliva samples were obtained from individuals at presentation with AIM and 6 months later. EBV gp350-binding antibodies and neutralizing activity were detected during AIM in the majority of individuals; titers increased with time after infection. We also report some of the first sequences of gp350 amplified directly from circulating virus rather than from transformed cell lines or diseaseassociated tissue. While we observed interpatient sequence variability, the gp350binding site was highly conserved and remarkably stable over time. The high viral load during AIM and the increased viral gene variation from AIM to convalescence (CONV) correlated positively with the strength of the neutralizing antibody response during CONV. Altogether, our data demonstrate the detection of neutralizing antibodies earlier than previously reported and identify key factors associated with the generation of neutralizing antibodies during primary viral infection.
RESULTS
EBV gp350-specific binding antibodies are readily detected in patient plasma at presentation with AIM. EBV gp350-specific binding antibodies were detected in the purified IgG fraction of plasma from 17 (71%) individuals at presentation with AIM and from all of the same individuals 6 months later (during CONV) ( Fig. 1 ). gp350-binding antibody levels increased significantly over time from AIM (median, 4,648 mean fluorescence intensity [MFI]; interquartile ratio [IQR], 3,858 MFI) to CONV (median, 16,817 MFI; IQR, 9,874 MFI) (Wilcoxon matched-pairs signed-rank test for AIM versus CONV, P Ͻ 0.0001). The gp350-specific IgG levels measured during CONV were similar to those measured in age-matched chronically infected (CHRON) individuals ( Fig. 1A ; median, 17,728 MFI; IQR, 11,825 MFI; Mann-Whitney test, P ϭ 0.96). EBV gp350-binding antibodies were detected primarily in the IgG1 (13 patients; 54%) and IgG3 (16 patients; 67%) fractions of plasma during AIM; IgG2 gp350-binding antibodies were detected in only 6 (25%) patients during AIM. gp350-specific IgG1, IgG2, and IgG4 binding antibody titers increased significantly from AIM to CONV (P ϭ 0.0001, P ϭ 0.034, and P ϭ 0.0001, respectively) to levels equal to those in CHRON individuals ( Fig. 1B , C, and E). gp350specific IgG3 binding antibody titers were significantly lower in CHRON individuals than during CONV ( Fig. 1D ) (P Ͻ 0.001).
Patient IgG mediates ADCP during CONV. Antibody-dependent cell-mediated phagocytosis (ADCP) activity was detected in the plasma-derived IgG of only 4 (17%) individuals with AIM but was detected in the plasma-derived IgG of 19 (79%) individuals during CONV (median phagocytosis score, 211,941; IQR of the phagocytosis score, 109,561; AIM versus CONV, P Ͻ 0.0001) ( Fig. 2A ) at levels similar to those in agematched CHRON individuals (median phagocytosis score, 227,150; IQR of the phagocytosis score, 109,199; CONV versus CHRON individuals, P was not significant).
A positive correlation between total anti-gp350 IgG levels and ADCP activity was observed in samples obtained during CONV and in CHRON individuals (19 samples obtained during CONV and 11 samples from CHRON individuals; Spearman r value ϭ 0.480, P Ͻ 0.01) ( Fig. 2B ). ADCP activity was also associated with anti-gp350 IgG1 levels but did not reach significance (P ϭ 0.06), suggesting that phagocytosis was largely mediated by IgG1 ( Fig. 2C ).
Neutralizing activity of AIM and CONV IgG in a B-cell line. The EBV enhanced green fluorescent protein (eGFP)-tagged Raji cell neutralization assay performs comparably to a previously used transformation assay (19, 20) . Using this assay, IgG neutralizing activity was not detected in any AIM patients ( Fig. 3A ) but was detected in 14 (58%) patients during CONV (median CONV neutralization score, 14.8%; IQR, 29%; AIM versus CONV, P Ͻ 0.0001) at titers similar to those detected in chronically infected individuals (median neutralization score in CHRON individuals, 14.8%; IQR, 21.2%). The murine monoclonal antibody 72A1, specific for the CR2-gp350-binding site, was used as a positive control and neutralized EBV infection by 90% (Fig. 3A ). Neutralizing activity was positively correlated with total IgG levels (Spearman r value ϭ 0.702, P Ͻ 0.0001), IgG1 levels (Spearman r value ϭ 0.444, P ϭ 0.006), and IgG4 levels (Spearman r value ϭ 0.410, P ϭ 0.013) but not with IgG2 or IgG3 levels (not shown).
Neutralizing activity of AIM and convalescent-phase IgG in primary B cells.
We repeated our neutralization assays using EBV-negative, primary human cord blood B cells as targets and quantitative PCR (qPCR) to quantify the levels of infection (see Materials and Methods). As in the Raji cell assay, incubation of eGFP-tagged EBV Akata with monoclonal antibody 72A1 prior to the addition of target cells resulted in a 90% reduction in the level of infection, suggesting that virus detected in this assay required an interaction between gp350 and the host cell CD21/CD35 receptors ( Fig. 3A and B ). Neutralizing activity against Akata infection was detected in the plasma-derived IgG of 20 (83%) individuals with AIM (median neutralization score in individuals with AIM, 28.6%; IQR, 25.3%) ( Fig. 3B ) and in all individuals during CONV (median neutralization score in individuals during CONV, 63.2%; IQR, 18.6%) (AIM versus CONV, P Ͻ 0.0001) at levels similar to those in samples from CHRON individuals (median neutralization score for CHRON individuals, 65.5%; IQR, 19.7%) ( Fig. 3B ). The neutralization of Akata infection of primary B cells was positively correlated with total anti-gp350 IgG levels (r ϭ 0.546, P ϭ 0.001) and anti-gp350 IgG1 levels (r ϭ 0.420, P ϭ 0.029) but not with anti-gp350 IgG2, IgG3, or IgG4 levels (not shown). Finally, neutralization of Akata infection by samples from individuals during CONV in the primary B-cell assay (r ϭ 0.366 and P ϭ 0.039) and cultured Raji B-cell assay (r ϭ 0.587 and P ϭ 0.003) was positively correlated with ADCP activity.
Neutralizing antibody titers during CONV correlate with the peripheral blood EBV load in AIM. Recent studies have reported that a high viral load during acute HIV-1 infection is associated with the development of broadly neutralizing antibodies (bnAbs) during the chronic phase of infection (21, 22) . The EBV load in the blood of individuals with AIM correlated with the neutralization activity of plasma obtained from the same patients during CONV in Raji cell assays (Spearman r value ϭ 0.89; P Ͻ 0.0001) ( Fig. 3C ) and in primary cell assays (Spearman r value ϭ 0.84; P Ͻ 0.001) ( Fig. 3D ). Additionally, the peripheral blood EBV load in individuals with AIM was positively correlated with the total anti-gp350 IgG levels during CONV (Spearman r value ϭ 0.512, P ϭ 0.05) but not with anti-gp350 IgG1 levels during CONV (Spearman r value ϭ 0.415; P ϭ 0.11) (data not shown). No correlation between the EBV load during CONV and the neutralizing antibody activity or anti-gp350 IgG levels during CONV was observed.
Neutralization of EBV infection in Raji cells is inhibited by soluble gp350. A blocking assay was used to further verify that the neutralizing activity measured in our assays was gp350 dependent. Patient IgG was incubated with 0.625 g/reaction mixture of a soluble, truncated version of gp350 (amino acids [aa] 4 to 450, containing the CR2-binding site) prior to incubation of IgG with EBV and subsequent addition of Raji cells (23) . As Fig. 3E illustrates, the addition of soluble gp350 reduced the neutralization mediated by IgG in a sample collected from a patient during CONV (patient E1477). Together with previously published reports (24, 25) , our data suggest that the neutralization of EBV infection by IgG, as measured by our assays, is in large part, though not perhaps entirely, dependent on antibodies directed against the viral envelope gp350. The low residual levels of neutralization in the presence of IgG (at concentrations of 0.1 to 1 g/ml) and soluble gp350 ( Fig. 3E ) might reflect the presence of antibodies directed against other viral envelope glycoproteins capable of mediating infection.
EBV gp350 gene sequences amplified from AIM patients display polymorphisms at both the nucleotide and protein levels. We sequenced the gp350 genes from six patients to determine whether the observed interpatient differences in neutralizing activity could be explained by sequence differences between individual patient strains and lab-adapted strains (Fig. 4A ). All patient sequences clustered with type I EBV reference strains (strains B95.8, Mutu, Akata, GD1, and GD2) and were distinctly separate from the sequence of the prototypical type II EBV strain AG876 (Fig. 4B ). Furthermore, all AIM patient gp350 gene sequences clustered most closely with the B95.8 gp350 gene sequence, apart from viral sequences isolated from nasopharyngeal carcinoma-associated EBV strains (GD1, GD2) and the Burkitt's lymphoma-derived Akata sequence. Alignment of each AIM patient gp350 nucleotide sequence with the B95. 8 and Akata gp350 nucleotide sequences demonstrated the conservation of bases encoding the binding site between gp350 and the CR2 cellular receptor; likewise, all variations from the consensus sequence observed in the amino acid sequence variants were located outside this binding region ( Fig. 4C and D) (26-28). Little variation in primary gp350 amino acid sequences from AIM to CONV. To investigate whether the EBV gp350-specific neutralizing antibodies detected in our in vitro assays may have exerted selective pressures on the EBV gp350 glycoprotein over time following AIM, we also sequenced the EBV gp350 gene from saliva samples during CONV. Alignment of major variants revealed very few changes in the protein sequences of the EBV gp350 gene from five of six patients over the 6-month study period ( Fig. 5 ). Three of four patients with low neutralizing activity levels (patients E1420, E1435, and E1438) showed no change in gp350 protein sequences over this time period; the gp350 protein sequence of patient E1471 displayed only a single amino acid change. Similarly, only a single amino acid in the gp350 protein sequence of a patient (patient E1458) whose plasma showed robust neutralizing activity was observed to change from AIM to CONV. The greatest amino acid sequence variability (14 aa) was detected during CONV in EBV gp350 sequences from a patient (patient E1477) with correspondingly high neutralizing antibody activity during CONV. Due to the large number of amino acid changes detected over time in patient E1477, gp350 DNA sequences were reamplified from original samples collected during AIM and CONV, and major variants were verified using Sanger sequencing. Despite the increased level of variation detected in patient E1477, all gp350 sequences present in the patient samples demonstrated high degrees of conservation in the CR2-binding region, and the few observed amino acid changes occurred outside the CR2-binding region (25) .
Robust neutralizing antibody responses are associated with more variable patient viral pools. Comparison of consensus gp350 protein sequences determined for the viral pool during AIM and CONV failed to indicate any significant effect of neutralizing antibody presence on gp350 gene evolution. Although limited changes in the gp350 protein sequence were observed (e.g., 1 amino acid change in patient E1458 and 14 amino acid changes in patient E1477), no variation in the CR2-binding site was detected for any of the patients (Fig. 4D , red boxes). However, a 9-amino-acid deletion was detected in gp350 from patient E1477 during AIM (relative to the strain B95.8 reference sequence), and this deletion was absent from the virus sequenced from the patient E1477 sample obtained during CONV (Fig. 5 ). Having already verified the fidelity of both samples, the absence of this deletion in the sample during CONV suggested either that recombination had occurred or that a minor variant became dominant through some imposed selection. This prompted us to consider and investigate the composition of the minor variant pool, i.e., nucleotides present in the mapped reads at percentages of less than 49%, for each patient at the time points indicated below. The nucleotide usage at each individual position of the gp350 gene was determined, and only nucleotides present at a frequency of greater than 2% were considered valid single nucleotide variants (SNV). The 2% change in frequency was selected as a conservative cutoff between sequencing error (determined by resequencing B95.8) and the establishment of new EBV variants that arose through ongoing replication in the oropharynx.
We observed measurable diversity in minor variant gp350 pools during both AIM and CONV in all patient samples. Patients E1438 and E1471, who had the lowest levels of EBV-neutralizing activity, showed the fewest number of SNV during both AIM and CONV. In contrast, patients E1420, E1435, and E1458, who generated stronger neutralizing antibody responses, demonstrated increased levels of overall viral diversity both in the total number of variants and as the relative proportion of variants in the viral pool. The notable exception to this trend was patient E1477, who displayed less overall diversity in gp350 viral pools during both AIM and CONV.
Additional analysis of the nucleotide usage of EBV from patient E1477 indicated that while the overall diversity of circulating EBV remained low, there were substantial fluctuations in nucleotide usage between the two time points. Several positions (n ϭ 14) within the gp350 gene sequenced from patient E1477 displayed a complete change in nucleotide identity from AIM to CONV, suggesting the rapid emergence of a second variant during the study period. Fluctuations in the viral pools of the remaining patients were also investigated; the nucleotide frequency during AIM was subtracted from the frequency of that same nucleotide during CONV. Only two alternative nucleotides were detected at any position for all samples sequenced in this study. SNV frequency changes from AIM to CONV were highly correlated with the IgG neutralizing activity measured in the same patient (Spearman r value ϭ 0.94, P ϭ 0.016) ( Fig. 6A) . Interestingly, SNV frequency changes also correlated strongly with the peripheral blood EBV viral load during AIM (Spearman r value ϭ 1.0, P ϭ 0.003) ( Fig. 6B) .
DISCUSSION
This study is among the first to leverage longitudinal samples to quantify and characterize EBV-specific antibody responses and viral sequence evolution concurrently during primary infection. gp350-binding antibodies were detected in the majority of individuals with AIM at symptom onset ( Fig. 1A) and increased in titer from AIM through CONV, with the levels during CONV being similar to those in healthy, agematched EBV-seropositive donors; these findings are compatible with those of recently reported studies (20, 29) .
Our data suggest that IgG1 antibodies mediate the most binding and functional antibody activity throughout infection ( Fig. 1 to 3) . These data are consistent with observations for patients infected with other viruses, such as HIV-1, in which early increases in anti-HIV IgG1 (e.g., to p55, gp120, or Nef) are sustained following acute HIV-1 infection, while the levels of anti-IgG3 decrease rapidly (30) . The association of patient anti-gp350 IgG1 binding titers with phagocytosis scores and neutralizing activity suggests that IgG1 is the major mediator of ADCP and neutralization.
The lack of detectable EBV-specific neutralizing activity in Raji cell assays from samples collected during AIM is consistent with previously reported data from studies using either a similar assay (20) or a B-cell transformation assay (29) . However, using a more sensitive PCR-based assay with primary B cells, we detected neutralizing antibody activity in the plasma of the majority (83%) of AIM patients. In assays with both primary B cells and Raji cells, the addition of the antibody 72A1 reduced EBV genome copy numbers by 90% ( Fig. 3A and B) , and neutralizing activity was not detected in seronegative controls. EBV gp350 blocking of patient samples confirmed the gp350 specificity of the neutralizing activity in the Raji cell infection assay (Fig. 3E) . A likely reason for the discrepancy in the detection of neutralizing activity in primary B cells versus Raji cells is the difference in the readout used to measure infection; our qPCR-based viral load assay is highly sensitive and directly measures gp350-dependent attachment and, presumably, the entry of EBV virions into the host cell by directly measuring viral genome copy numbers. This readout is independent of transformation potential or viral gene expression, such as the amount of the viral genome-encoded green fluorescent protein (GFP) quantified by the Raji cell assay. It may thus provide a more sensitive and accurate measurement of viral envelope access to and interaction with the host cell receptor than B-cell transformation or a GFP readout. A recent study using in situ hybridization to quantify EBV genomes in AIM patient B cells demonstrated an average of 12 to 13 viral genomes per cell (31) . Further, Delecluse and colleagues recently reported that only 10 to 15% of EBV genomes successfully transformed B cells, suggesting that B-cell transformation may underrepresent virus binding to and entry into host cells (32) .
The recently determined crystal structure of the partial gp350 envelope (aa 4 to 443) has demonstrated it to be a heavily glycosylated, L-shaped structure, with the glycans shielding almost the entirety of the protein (33) . The notable exception is the CR2binding site, located in a glycan-free, negatively charged cleft formed from the two amino-terminal ␤-barrels and linker regions of the protein. Peptides that inhibit the neutralizing effects of gp350-binding antibody 72A1 on EBV infection map to the gp350 cleft; negatively charged amino acids required for the interaction between gp350 and CR2 also localize to this area (24, 25) . Amino acid changes in the CR2binding cleft were not observed in any of the gp350 sequences isolated from our patient cohort. We also failed to note any detectable changes in this binding site at the minor variant level. The data suggest that even in the presence of strongly neutralizing antibodies, the functional requirement for an interaction between gp350 and CR2 likely limits sequence evolution in this region.
Available data suggest that gp350 is the major viral envelope glycoprotein required for infection; gp350 CR2-specific antibodies are sufficient to block EBV infection (9, 19) . We observed marked interpatient variability in neutralization titers and found a positive correlation between patient peripheral blood viral load during AIM and the patient neutralization titer in primary and cultured B cells during CONV ( Fig. 3C and D) . In several longitudinal studies of HIV-infected individuals that went on to generate broadly neutralizing antibodies (bnAbs) to the viral Env, a relationship between a high viral load during the acute phase of infection and the breadth of the antibody response was reported, although the authors were clear to state that a high viral load alone was likely not sufficient to cause bnAb generation (21, 22, 34) . They postulated that the viral load and a higher frequency of T follicular helper cells led to the formation of germinal centers, which resulted in high levels of somatic hypermutation. Our data suggest that EBV infection may offer an additional model with which to study factors important in the generation of high-affinity and broadly neutralizing antibodies against persistent viral infections.
We report limited intrapatient differences in viral sequences at the time points studied and interpret our data to be consistent with a model in which a single founder virus rather than multiple, diverse viruses establishes infection. In contrast, it appears that one individual (patient E1477) may have been infected with at least two viruses. This is suggested by the presence in patient E1477 of a major strain with a 9-amino-acid deletion (relative to the B95.8 sequence) in gp350 during AIM and the almost complete absence of the deletion in the sequence from patient E1477 during CONV, suggestive of the presence of a second strain. Further evidence for this hypothesis can be seen in the rapid and complete change in nucleotide identity at no less than 16 different positions of gp350 and a corresponding change of 14 amino acids. Previous studies have reported cases in which multiple EBV genomes were present and detectable in both healthy and immunocompromised patients, although whether they were detecting subtle changes in major variant frequencies is unknown (35, 36) . A more detailed longitudinal study would be required to distinguish whether the patient was infected by multiple variants or experienced EBV superinfection.
Several studies have highlighted the importance of diversity in the HIV-1 env gene in chronically infected patients that develop broadly neutralizing anti-HIV-1 antibodies (34, 37, 38) . If patient E1477 was indeed infected with multiple EBV founder viruses or serially infected, this, combined with the high viral load observed during AIM, may help to explain the generation of strongly neutralizing antibodies in this individual.
Our data are consistent with a model of antibody generation in which an unlinked B-cell and T-cell response elicits higher-affinity and stronger neutralizing antibodies. In this model, CD4 T cells recognize any viral epitope expressed via the major histocompatibility complex on a B cell with a B-cell receptor specific for a viral surface protein.
High levels of circulating EBV in the peripheral blood could serve to prime the generation of neutralizing antibodies by providing higher levels of antigen for gp350specific B cells as well as ample structural proteins for CD4 T-cell recognition. Changes in viral populations over time may enable the constant recruitment of CD4 T cells recognizing the different nonlinked epitopes. This unlinked recognition can result in germinal center formation, hypersomatic mutation, and the generation of strongly neutralizing antibodies (39) . Evidence for this model has been shown previously in studies describing the correlation of strongly neutralizing antibodies against the HIV-1 envelope with CD4 T-cell recognition of Gag epitopes (40) and the enhancement of antihemagglutinin-specific antibody responses by the adoptive transfer of CD4 T cells that recognized influenza virus matrix and nucleocapsid proteins (39); also, the expres-
The convalescent-phase neutralizing antibody response correlates directly with changes in EBV gp350 gene diversity. The total change in the diversity of each patient's viral gp350 population, as measured by changes in single nucleotide variant (SNV) frequency (Freq), was quantified for each patient. SNVs, considered here to identify individual EBV strains, were identified from gp350 gene sequences in which alternative nucleotides were detected in at least 2% of mapped reads. An increase in the number of variants whose frequency changed Ͼ2% from AIM to CONV correlated positively with the strength of the neutralizing antibody response during CONV (Spearman r value ϭ 0.94, P ϭ 0.016) (A) and the peripheral blood viral load during AIM (Spearman r value ϭ 1.0, P ϭ 0.003) (B). The SNV frequency at each position of the gp350 gene was determined for the indicated patient samples during AIM and CONV, and the change was quantified by subtracting the nucleotide frequencies during AIM from the frequency during CONV (ϫ100) to obtain percent total reads; all changes are reported as absolute values regardless of the direction of change. sion of multiple, different vaccinia virus envelope proteins generated stronger antibody responses to individual envelopes (41) . The EBV genome encodes fewer proteins than the vaccinia virus genome but many more than the genome of HIV or influenza virus, providing ample structural proteins to serve as CD4 T-cell epitopes. In agreement with our findings, previous analyses of available full-length EBV genomes, although mostly from cell lines and tumors, have shown the gp350 gene to be one of the least variable genes, suggesting that our measurements of gp350 gene variation may significantly underrepresent the total viral genome variation (18) .
In summary, EBV gp350-binding antibodies were readily detected in patients with AIM and increased in titer through convalescence. Despite the ready detection of gp350-binding antibodies during AIM, ADCP and neutralizing antibodies were not readily detected using commonly used assays. In contrast, IgG gp350-specific neutralizing activity was reproducibly detected during AIM using a highly sensitive PCR readout in an assay using primary B cells as target cells. ADCP and neutralizing antibody activity were detected in all patient serum samples during CONV. A higher viral load and the increase in EBV gp350 gene diversity from AIM through CONV were positively correlated with the development of neutralizing antibody responses following primary EBV infection. Our findings improve our understanding of the development of functional gp350-specific antibodies and will be helpful in informing the design of future EBV vaccines.
MATERIALS AND METHODS
Study cohort. Plasma and saliva samples were obtained during AIM and 6 months later (during convalescence [CONV]) from 24 young adults presenting with symptoms compatible with AIM (University of Massachusetts Amherst Health Services). Twelve age-matched individuals chronically infected (CHRON) with EBV and 12 age-matched individuals not infected with EBV (serologically negative) were studied as controls (42) . The infection status of all participants was confirmed by serology.
Isolation and quantification of total plasma IgG. IgG fractions were purified from patient plasma samples using Melon gel IgG purification kits (Thermo Scientific, Waltham, MA), quantified using a colorimetric assay (Bio-Rad, Carlsbad, CA), and diluted to 1 mg/ml.
Quantification of IgG and IgG subclass antibodies to EBV gp350. The titers of EBV gp350-specific total and subclass IgG antibodies to recombinant gp350 (aa 4 to 450 of the B95.8 strain of EBV; Immune Technologies, San Mateo, CA) were measured using a Luminex-based assay and a Bio-Rad Bio-Plex 200 system (Bio-Rad, Carlsbad, CA) (43) . All secondary antibodies, anti-human IgG-phycoerythrin (PE), antihuman IgG1-PE, anti-human IgG2-PE, anti-human IgG2-PE, and anti-human IgG4-PE, were purchased from Southern Biotech (Birmingham, AL).
Cell separation and cell line culture. Cells of the THP-1 and Raji cell lines were maintained according to the supplier's protocols (American Type Culture Collection [ATCC], Manassas, VA). The EBV Akata-positive AGS gastric carcinoma cell line was cultured in Kaighn's modification of F-12 medium with 10% fetal bovine serum (FBS) and 500 U/ml G418 (44) . Human primary cord blood lymphocytes (Umbilical Cord Blood Core, University of Massachusetts Medical School) were isolated by Ficoll separation.
Phagocytosis assay. Phagocytosis assays were performed as previously described using recombinant gp350 (Immune Technologies); the phagocytosis score was calculated as the percent bead positive ϫ bead-positive MFI and is given in percent (45) .
Measurement of peripheral blood EBV load. B cells were isolated from whole blood using a RosetteSep human B-cell kit (Stemcell Technologies, Vancouver, BC, Canada). DNA was extracted using a Qiagen DNeasy blood and tissue kit (Valencia, CA), and blood viral loads were measured using a Roche LightCycler EBV quantification kit (Roche, Indianapolis, IN) (17, 46) .
Preparation of EBV stocks and virus titration. eGFP-tagged EBV (EBV-eGFP) Akata isolates were recovered from EBV-eGFP-infected AGS cell supernatants as previously described (47) . Virus was concentrated from filtered supernatant by high-speed centrifugation (17,000 ϫ g, 90 min, 4°C) and stored frozen under liquid nitrogen prior to use.
Viral titration and neutralization assays in Raji cell lines and primary cord blood B cells. Viruses, prepared as detailed above, were titrated on both Raji and primary cord blood B cells, and the amount of virus that was neutralized 90% by 10 g of 72A1 antibody (ATCC) was used in each assay.
A flow cytometry-based assay was used to measure the neutralization of infection of Raji cells with the eGFP-tagged Akata isolate (Akata-eGFP); this method has been adopted as a suitable substitute for the traditional primary B-cell transformation assay (19, 20, 48) . Briefly, plasma IgG (10 l of a 1-mg/ml stock) was mixed with a known titer of virus and incubated for 1 h at 37°C. The Akata-eGFP-IgG mixture was added to 4.0 ϫ 10 5 Raji cells resuspended in a minimal volume of RPMI supplemented with 10% heat-inactivated FBS; this mixture was incubated for 1 h at 37°C. Unbound virus was removed by washing with phosphate-buffered saline (PBS) (2 times), and the cells were plated and cultured. Three days later, cells were collected, washed with PBS (2 times), and resuspended in fluorescence-activated cell sorting buffer (0.5% bovine serum albumin and 2.0% paraformaldehyde in 1ϫ PBS); GFP-positive cells, as determined in the fluorescein isothiocyanate channel of a FACSCalibur flow cytometer (BD Biosciences), were considered positive for EBV infection.
To measure the ability of EBV gp350-specific antibodies to neutralize EBV infection of primary B cells, EBV Akata-eGFP isolates were incubated with patient IgG for 1 h before they were mixed with primary cord blood B lymphocytes (1.0 ϫ10 6 total peripheral blood mononuclear cells [PBMCs] from cord blood) at 37°C for 2 h. After incubation of the IgG-virus mixture with primary B cells, unbound virus was removed by washing with PBS (2 times), and cells were resuspended in a minimal volume (200 l) of RPMI supplemented with 10% heat-inactivated FBS and cultured for 3 days. Cells were removed from the culture and washed again with PBS (2 times) prior to DNA extraction using a DNeasy blood and tissue kit (Qiagen). Cell-associated DNA was measured using a multiplexed qPCR (CFX96 real-time system; Bio-Rad), as described below.
qPCR assay to measure EBV DNA in a primary cord blood B-cell neutralization assay. A qPCR assay was used to simultaneously measure CCR5 and BALF5 (CFX96 real-time system; Bio-Rad). Cellular DNA was extracted from infected PBMCs from cord blood using a DNeasy blood and tissue kit (Qiagen). The EBV copy number was determined using primers and probes directed against the EBV DNA polymerase gene (BALF5): forward primer 5=-CGGAAGCCCTCTGGACTTC-3=, reverse primer 5=-CCCTGTTT ATCCGATGAATG-3=, and probe 5=-FAM-TGTACACGCACGAGAAATGCGCCT-BHQ-1-3=, where FAM is 6-carboxyfluorescein and BHQ1 is black hole quencher 1. Human genome copy numbers were quantified using primers and probes directed against human C-C chemokine receptor type 5 (CCR5): forward primer 5=-GCTGTGTTTGCGTCTCTCCCAGGA-3=, reverse primer 5=-CTCACAGCCCTGTGCCTCTTCTTC-3=, and probe 5=-Cy5-AGCAGCGGCAGGACCAGCCCCAAG-BHQ-1-3=. Namalwa cells containing 2 EBV genomes per cell were used to generate standard curves for both EBV and CCR5 copy numbers in all assays (49) . EBV copy numbers were reported as the BALF5 copy number per 1.0 ϫ 10 6 PBMCs. Standards contained a range of from 100,000 copies to 1 copy of EBV per reaction mixture, with 10 copies being consistently detected and therefore being the assay minimum.
Percent neutralization of Raji and primary cells was determined by subtracting the number of EBV-infected cells in the presence of patient IgG from the total number of EBV-infected cells in an untreated sample divided by the untreated sample score (48) .
Amplification of viral genomic DNA and library preparation. EBV DNA was extracted from oral wash samples using a High Pure viral nucleic acid kit (Roche, Indianapolis, IN), and the gp350 gene was amplified using overlapping PCR. Custom-designed primers specific for gp350 generated four discrete products with three regions of overlapping DNA. These primers were also used to amplify the identical region of the EBV B95.8 bacterial artificial chromosome (BAC; provided by Fred Wang) (50) .
PCR fragments were mixed in equimolar ratios, sheared via ultrasonication (Bioruptor; Diagenode), and end repaired using an EpiCenter end-repair kit (EpiCenter, Madison, WI). Bar-coded sequencing adaptors (New England BioLabs, Ipswich, MA) were ligated, prior to size selection and sequencing (Illumina HiSeq; UMASS Sequencing Core). Patient samples from both time points (during AIM and CONV) were sequenced in the same run, along with a gp350 control library generated using the B95.8 BAC as a template.
Sequence analysis. Adaptors were trimmed using the Cutadapt (version 1.3) program, and reads were aligned to the B95.8 reference genome (GenBank accession no. NC_007605.1) using the BWA (version 0.7.5a) software package. PCR duplicates were removed using Picard's mark duplicates (http:// picard.sourceforge.net), and the additional preprocessing steps recommended for the genome analysis tool kit (GATK) were performed. Variants were then called with GATK, setting the ploidy to 10 (51).
The frequency distribution of bases mapped to each position was calculated on the basis of the pileups of bases called with a minimum phred score of 17 and used to identify minor variants. Consensus sequences for gp350 were constructed for each sample by selecting from the maximum-frequency base at each nucleotide position. Multiple-sequence alignments and phylogenetic trees were generated using the MUSCLE (version 3.8.31) program, and publication-quality figures were made using Jalview (version 2.8.1) software (52, 53) .
Statistical analysis. Statistical analyses were performed using GraphPad Prism (version 6.05) software for Windows (GraphPad Software, San Diego, CA, USA). Correlations for nonnormally distributed data were calculated using Spearman's correlation. Comparison of data for AIM patients during AIM and CONV were calculated using the Wilcoxon matched-pairs signed-rank test; comparisons between groups were calculated using the Mann-Whitney test. All statistical tests were two-sided, and a P value of Ͻ0.05 was considered statistically significant.
Ethics statement. All study participants provided written informed consent, and the University of Massachusetts Medical School Institutional Review Board approved these studies.
Accession number(s). Consensus sequence data from this study are available from the NCBI database and are listed under GenBank accession numbers KX271782 through KX271793.
